The aim of the present work was to optimize the reduction and removal of chromium from aqueous solutions by a biosorption system consisting of a bacteria supported on a zeolite. The system proposed combines the biosorption properties of Arthrobacter viscosus, with the ion exchange capacity of NaY zeolite. Experiments were also performed without the zeolite for comparison purposes. Experimental parameters such as solution pH, biomass concentration and initial Cr(VI) concentration were investigated in order to assess their influence on the biosorption system. The results revealed that chromium biosorption was highly pH dependent. The lower pH values favored Cr(VI) reduction, while higher solution pH enhanced total chromium removal. After the optimization of the parameters in study, the highest content of chromium in the zeolite (0.9%) and best uptake (13.0 mg Cr /g zeolite ) were obtained for the experiment at pH 4, biomass concentration of 5 g L À1 and initial Cr(VI) concentration of 100 mg L
Introduction
Nowadays, increasing awareness of water pollution with heavy metals and its long term effects has encouraged intensive efforts toward pollution abatement. Chromium is one of the most harmful toxic metals discharged into the environment and has become a serious health concern. It occurs most frequently as Cr(VI) or Cr(III) in aqueous solutions, with quite different characteristics in respect of toxicity, mobility and solubility. Hexavalent chromium is very toxic and carcinogenic, while trivalent chromium species are less harmful to living organisms (Kalabegishvili et al., 2003; Tsibakhashvili et al., 2004; Mohan and Pittman, 2006) .
The utilization of several biological materials, such as microbial cells, for the removal and recovery of heavy metal pollutants from wastewater, called biosorption, has been reported in numerous studies (Brady et al., 1994; Matheickal et al., 1999; Pagnanelli et al., 2000; Loukidou et al., 2004; Hsu et al., 2010) . Although the mechanisms of biosorption are defined as metabolic independent, some authors (Matheickal et al., 1999) have defined biosorption as the ability of biological materials to accumulate heavy metals from waste streams by either metabolically mediation or by purely physico-chemical uptake pathways. In fact, cell walls, consisting mainly of polysaccharides, proteins and lipids, offer many functional groups which can bind ions, such as metal ions (Brady et al., 1994; Pagnanelli et al., 2000) . Numerous studies have demonstrated a reduction of toxic Cr(VI) to non-toxic Cr(III) by various types of biomaterials, such as bacteria Gu, 2003, 2007; Asatiani et al., 2004; Tsibakhashvili et al., 2004; Park et al., 2004 Park et al., , 2005 Park et al., , 2007 Park et al., , 2008 Dermou et al., 2005; Cheung et al., 2006) . Recently it has been shown that several species of Arthrobacter can reduce hexavalent chromium into its less toxic trivalent form Lin et al., 2006) .
Bacteria can detoxify chromium wastewater, by either reduction or accumulation inside the cells and/or adsorption of the ion on their surface (Asatiani et al., 2004) . It had been demonstrated that the bacterium Arthrobacter viscosus produces a significant amount of exopolysaccharides, which is an advantage for the capture of metal ions (Quintelas and Tavares, 2001; Silva et al., 2008a) .
In this research work, a system for the removal of hexavalent chromium from water, that combines the biosorption properties of the microorganism with the ion exchange capacity of the zeolite, was optimized. Zeolites are low cost ion exchangers and have peculiar properties that result from the presence of positively charged exchangeable ions. Those ions can be replaced by heavy metals (Santen and Kramer, 1995) . Due to this net negative charge, zeolites have a strong affinity for transition metal cations, but much lower affinity for anions, such as dichromate or chromate (Vaca Mier et al., 2001) . However, this lack of affinity of the zeolite for Cr(VI) species can be overcame by the use of bacteria, such as A. viscosus, that have the capacity of transforming toxic Cr(VI) compounds through reduction into cationic Cr(III) species that are much less harmful (Silva et al., 2008a,b; Figueiredo et al., 2010a ). An advantage of using this system for the treatment of wastewater contaminated with metals is the reutilization of the obtained metal-loaded zeolites as catalysts in oxidation reactions of organic compounds, as reported in our previous work (Figueiredo et al., 2006 (Figueiredo et al., , 2010b Silva et al., 2012) .
For the practical use of biosorption systems it is important to identify and study extensively the factors that affect their performance. The main operational conditions that significantly influence the biosorption of heavy metals are the solution pH, the ionic strength, the biomass and the metal concentrations, the temperature and the presence of other metals in solution. The aim of the present work is to evaluate the effects of various operational parameters such as solution pH, biomass concentration and initial Cr(VI) concentration, in order to optimize the reduction and removal of chromium by the combined system bacteria/zeolite. So far, most of the research done on Cr(VI) biosorption did not take in account the reduction of Cr(VI) to Cr(III) and stated that Cr(VI) is removed from aqueous systems through anionic adsorption. In those studies, several kinetic evaluations have been made not taking into account the reduction process, which led to incorrect conclusions. In this work, both Cr(VI) and total Cr concentrations were monitored in order to elucidate the Cr(VI) removal mechanism.
Experimental

Materials and reagents
A. viscosus was obtained from the Spanish Type Culture Collection of the University of Valencia. Aqueous potassium dichromate solution was prepared by diluting K 2 Cr 2 O 7 (Panreac) in deionized water. All glassware used for experimental purposes was washed in 10% nitric acid to remove any possible interference by other metals. The faujasite zeolite NaY in powder form (Si/Al ¼ 2.83) with specific surface area of 787 m 2 g
À1
, was obtained from Zeolyst International.
Methods
Preparation of the biomass
A medium with 10 g L À1 of glucose, 5 g L À1 of peptone, 3 g L À1 of malt extract and 3 g L À1 of yeast extract was used for the microorganism growth. The medium was sterilized at 121 C for 20 min, cooled to room temperature, inoculated with bacteria and kept at 28 C for 24 h with moderate stirring in an incubator. The cells were then harvested by centrifugation at 7000 rpm for 15 min and resuspended in a pre-established volume of residual culture medium (obtained after the microorganism growth) in order to obtain the desired concentrated suspension to be used in the biosorption assays.
Biosorption assays
The biosorption assays were performed under different operating conditions of solution pH (1, 2, 3 and 4) and biomass concentration (1, 2, 4 and 5 g L À1 e dry weight), using Cr(VI)
solutions prepared with initial concentration of 10, 25, 50, 75, 100 mg L
À1
. Batch experiments were conducted in 250 ml Erlenmeyer flasks using 1.0 g of NaY zeolite, 150 ml of each potassium dichromate solution and 15 ml of the A. viscosus suspension previously prepared. The concentration of Cr(VI) in each Erlenmeyer flask after adding 15 ml of biomass suspension (9.1, 22.7, 45.5, 68.2 or 90.9 mg L À1 ) was calculated taking into account the dilution effect caused by the addition of this extra volume. Additional assays were performed with bacteria in suspension, without the zeolite, for comparison purposes. The solution pH was regularly maintained at the desired pH value using concentrated solutions of sulfuric acid (H 2 SO 4 ) or sodium hydroxide (NaOH), in order to minimize the variation of volume (<1%) and consequently the concentration of Cr. After the experiments at different pH values, pH 4 was selected for the remaining tests. The Erlenmeyer flasks were kept at 28 C, with moderate stirring. Samples of 1 ml were taken, centrifuged and analyzed for chromium quantification.
In order to investigate separately the role of each component of the bacterial suspension in the reduction of Cr(VI), several control assays were made. These assays were conducted with the same methodology above described, although under different experimental conditions. In the control assay A, the residual culture medium, obtained by the centrifugation of the cells after the bacterial growth during 24 h, was added to the zeolite and to a Cr(VI) solution of 100 mg L
. In the control assay B, deionized water was used to suspend the fresh cells instead of the residual culture medium. For the control assay C, the biomass obtained after the microorganism growth was autoclaved at 121 C, during 20 min and re-suspended in residual culture medium. These control assays were compared with the standard suspension consisting of fresh cells suspended on residual culture medium.
Analysis of chromium ions in solution
Samples taken for chromium quantification were previously centrifuged in order to remove any biomass and/or zeolite present in solution. Hexavalent chromium was quantified by measuring absorbance at 540 nm of the purple complex of Cr(VI) with 1,5-diphenylcarbazide, in acidic solution (Eaton et al., 1995) . For total Cr quantification, the Cr(III) was first oxidized to Cr(VI) at high temperature by the addition of potassium permanganate previous to the reaction with 1,5-diphenylcarbazide. The Cr(III) concentration was calculated by the difference between the total Cr and Cr(VI) concentration.
Characterization procedures
Elemental chemical analyses (Si, Al and Cr) of zeolite samples were performed by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) using a Philips ICP PU 7000 Spectrometer. Previously to elemental chemical analyses, the zeolite samples were calcined at 500 C during 8 h under a dry air stream, in order to remove the organic matter from bacteria.
X-ray photoelectron spectroscopy (XPS) analysis of the Crloaded biomass was obtained at the C.A.C.T.I. from Vigo University (Spain) in a VG Scientific ESCALAB 250iXL spectrometer using monochromatic Al-Ka radiation (1486.92 eV). In order to correct possible deviations caused by electric change of the samples, the C 1s line at 285.0 eV was taken as internal standard (Xie and Sherwood, 1990; Moulder et al., 1992) .
Results and discussion
Control assays
These preliminary assays were conducted in order to establish the effects of the inoculum components, such as bacteria and the compounds dissolved in the residual culture medium, in the reduction rate of hexavalent chromium. In Fig. 1 , the variation of Cr(VI) concentration during the contact time is shown for the control assays A, B, C and the standard experiment, performed at pH 4 and biomass concentration of 5 g L
À1
.
As it can be observed, the reduction of hexavalent chromium by the residual culture medium (assay A) was very slight, which is an evidence that the sugars present in this medium were not able to reduce Cr(VI) at pH 4. In order to evaluate the role of the cells metabolism on the reduction of Cr(VI), the performances of fresh cells (standard experiment) and dead cells (assay C) were compared. However, it was not possible to establish an accurate comparison between the control experiment and assay C due to different values of biomass concentration. Although it was expected a biomass concentration of 5 g L À1 for all experiments, the maximum biomass concentration achieved for assay C was 3.2 g L
During the sterilization process of the cells, a loss of mass was observed, probably due to cell lysis and consequent dilution of the intracellular components in the external medium. However, despite of this difference in biomass concentration, a quite similar behavior for the living and for the dead biomass was observed. These results are probably an indication that the cell metabolism does not interfere significantly in the reduction process of Cr(VI), at these operation conditions. As cellular metabolism can be neglected, all the other assays were performed with living cells even at extremely acid condition (pH < 4), since the use of dead biomass would require the consumption of energy in the inactivation step.
Analyzing the results obtained from the assay B, it is clear that the polysaccharides present in the residual culture medium played an important role in the reduction of Cr(VI), in the presence of biomass, once the reduction was significantly faster. However, as mentioned previously, the residual culture medium itself was not capable of a significant reduction of Cr(VI). Thus, this behavior can be probably related to a synergism between the bacterium and the sugars present in the residual culture medium.
Effect of the solution pH
The pH of aqueous solution is an important factor that influences not only the dissociation of the cell wall functional groups, but also the solution chemistry of metals. Processes such as hydrolysis, complexation by organic and/or inorganic ligands, redox reactions and precipitation are strongly influenced by pH and, on the other hand, strongly affect speciation and biosorption availability of the metals (Esposito et al., 2002) . Chromium exhibits different types of pH dependent equilibria in aqueous solutions. As pH is shifted, the equilibrium will also shift; at lower pH (pH < 2.0), (Rollinson, 1973; Bai and Abraham, 2001; Mor et al., 2007) . It was reported that at lower pH protonation of the cell wall components increases and the negatively charged chromium species bind through electrostatic attraction to positively charged functional groups on the surface of biomass. At increasing pH values, the negative charge density increases, due to the deprotonation of the metal binding sites and therefore adsorption of Cr(VI) species decreases (Deng et al., 2009 ). On the other hand, the reduction process of hexavalent to trivalent chromium requires a large amount of protons (Barrera et al., 2006) . As a result of these trends, an optimum pH for hexavalent chromium removal was selected in the range 1e4, as similar values of optimum pH were reported for Cr(VI) removal using various biosorbents (Park et al., 2004; Ziagova et al., 2007; Yin et al., 2008; Deng et al., 2009 ). Fig. 2a and b show the time-dependent concentration of Cr(VI) and total Cr, at various solution pH values in the range of 1e4. These experiments were made just with bacteria in suspension, without the zeolite, for an initial Cr(VI) concentration of 100 mg L
Biosorption by A. viscosus in suspension
À1
. As it can be seen in Fig. 2a , the depletion rate of Cr(VI) was strongly pH dependent, increasing with a decrease in pH. According to the reduction reactions of Cr(VI) species, it is essential to supply a large amount of protons for promoting the rate of the whole process. Hexavalent chromium was completely removed from solution for pH values of 1, 2 and 3. The contact time necessary for complete Cr(VI) removal was 52 h, 22 days and 45 days for pH 1, pH 2 and pH 3, respectively. Total depletion of Cr(VI) was not achieved at pH 4, for 73 days, remaining in solution 2.5 mg L À1 of Cr(VI). Although
Cr(VI) reduction was favored by very acidic conditions, higher pH values enhanced total Cr removal with the increase in contact time as shown in Fig. 2b . As a result of these opposite trends, the optimum pH for total chromium removal was found to be pH 4. These results may be explained by the multiple phenomena involved in this system such as reduction of Cr(VI), adsorption/ desorption of chromium ions and protonation/deprotonation of the cell wall functional groups which depend on the solution pH. Recent reports of Park et al. (2004 Park et al. ( , 2005 Park et al. ( , 2007 Park et al. ( , 2008 demonstrate that the biosorption mechanism of Cr(VI) by biomaterials is not "anionic adsorption" but "adsorption-coupled reduction". When Cr(VI) comes in contact with biomaterials, especially in an acidic solution, it can spontaneously be reduced to Cr(III) by electrondonor groups of the biomass, because Cr(VI) has a high redox potential value (above þ1.3 V at standard conditions). These authors stated that Cr(VI) can be removed through both direct and indirect reduction mechanisms. In the first mechanism Cr(VI) is directly reduced to Cr(III) in the aqueous phase by contact with the electron-donor groups of the biomass surface which have lower reduction potential than that of Cr(VI). The indirect reduction involves the binding of Cr(VI) anions to the positively charged groups of the biomass surface and the reduction of Cr(VI) to Cr(III) by adjacent electron-donors groups. After the reduction, Cr(III) can be released into the aqueous solution due to the electronic repulsion between the positively charged groups of the biomass and Cr(III) cations, or can form complexes with adjacent groups capable of Cr-binding. Currently, this "adsorption-coupled reduction" mechanism has been widely reported and accepted as the mechanism of Cr(VI) biosorption (Deng et al., 2009; Janos et al., 2009; Murphy et al., 2009; Wu et al., 2010; Cui et al., 2011) .
Analyzing Fig. 2b , for the lowest pH values (pH 1 and pH 2) it is possible to observe a high spontaneous removal of total chromium when the biomass was brought into contact with the solution. This was due to the strong protonation of functional groups, thus making the biomass more positively charged and hence creating an electrostatic attraction with Cr(VI) species. However, an increase of total Cr concentration was observed at pH 1 and pH 2, after 1 day and 6 days of contact time, respectively. This release of chromium to the solution is related to the electronic repulsion between the positively charged groups of the cell wall and the cationic Cr(III) species that result from the reduction of hexavalent chromium on the bacterium surface. In opposition, a decrease of total chromium was observed, as the contact time increases, for the highest pH values (pH 3 and 4). So, in this case, as the solution was less acidic, some of the metal binding sites of the biomass surface were not protonated, being negatively charged. Therefore, these sites were able to attract Cr(III) cations that result from the direct reduction of Cr(VI) in the solution. These results are in agreement with the assumptions of Park et al. (2004 Park et al. ( , 2005 Park et al. ( , 2007 Park et al. ( , 2008 above mentioned. More detailed information is given in Fig. 3 that presents the time-dependent concentration of Cr(VI), Cr(III) and total Cr in solution, during the biosorption of Cr(VI) by A. viscosus in suspension at pH 2 and pH 4.
Analyzing Fig. 3a , it can be observed that Cr(III), which was not initially present, appeared in the aqueous solution as a result of the reduction of Cr(VI). At pH 2, the significant depletion of total Cr that was observed at the initial instant of time can be attributed to two processes that occur simultaneously: the retention of Cr(VI) on the positively charged biomass surface and the direct reduction of Cr(VI) to Cr(III) due to the numerous protons available in the solution. After the initial instant of time, the concentration of Cr(III) increased proportionally to the Cr(VI) depletion, which means that Cr(VI) was only reduced to Cr(III) and was not retained on the biomass surface, as it can be seen by the total Cr concentration profile. This is probably due to the saturation of the biomass surface after the high initial retention of Cr(VI). At pH 4 (Fig. 3b) , the concentration profiles of the chromium species were significantly different. It can be observed that at the initial instant of time, a lower amount of Cr(VI) was retained on the biomass surface in comparison with that retained at pH 2. This is probably due to the bacterial surface that was less protonated and therefore less positively charged at pH 4. It should be noted that after the initial instant of time, the rate of Cr(VI) depletion was higher than the increasing rate of Cr(III) concentration, which means that the difference between these rates can be attributed to the chromium bound to the biomass surface. These results are an indication that, at pH 4, the direct reduction of Cr(VI) to Cr(III), in the aqueous solution, and the adsorption of Cr(III) cations by the available negatively charged groups of the biomass surface occurs simultaneously.
The oxidation state of the Cr bound to the biomass was characterized using XPS. Fig. 4 shows the XPS wide scan spectrum and the high-resolution spectrum, collected from the Cr 2p core region, of the chromium-loaded biomass obtained after Cr biosorption at pH 4. The wide scan spectrum was obtained to identify the surface elements present on the biomass surface and to carry out a quantitative analysis. This spectrum revealed the presence of carbon (72.9%), oxygen (18.6%), nitrogen (6.9%), phosphorous (0.9%) and chromium (0.8%). The high content of chromium on the biomass surface is in agreement with the good removal efficiency performed by the bacterium at this pH value. The peaks in the Cr 2p region were fitted with a mixed GaussianeLorentzian function, using XPSPEAK 4.1 software. The spectrum showed two bands at binding energies of 577.3 eV and 586.9 eV, the first corresponds to a Cr 2p 3/2 orbital and the second to a Cr 2p 1/2 orbital. In reference compounds the Cr 2p 3/2 orbitals are assigned at 577. (Dambies et al., 2000) . Boucetta et al. (2009) demonstrated that Cr 2p 1/2 orbitals for Cr(III) species are assigned to the range 587.0e587.5. Accordingly the XPS results obtained, it can be clearly concluded that chromium loaded on the biomass surface is in the trivalent form. Several studies reported the same conclusions as in here, i.e., the chromium bounded to biomass is in the trivalent state (Lytle et al., 1998; Gardea-Torresdey et al., 2000; Park et al., 2004) . Fig. 5a and b show the concentration of Cr(VI) and total Cr, as a function of contact time, at various solution pH values in the range of 1e4. These experiments were made with the combined system bacteria/zeolite, for an initial Cr(VI) concentration of 100 mg L
Biosorption by A. viscosus supported on NaY zeolite
À1
. It is important to establish a comparison between the performances of the combined system (Fig. 5 ) and the bacteria in suspension (Fig. 2) in the reduction of Cr(VI) and removal of total Cr. It was expected that the addition of the zeolite would improve the removal of total Cr due to the ability of the zeolite to exchange Cr(III) cations resulting from the reduction of Cr(VI). However, at very low pH, such as pH 1 and pH 2, the exchange procedure can be difficult for the high concentration of H þ ions in solution, which compete with Cr 3þ ions for the exchange sites of the zeolite. The exchange of H þ is easier when compared with Cr 3þ , because the compensating cation of NaY zeolite is monovalent (Na þ ). In addition, at pH values extremely acidic, the structure of the zeolite was probably damaged and therefore the cation exchange capacity of the zeolite decreased substantially. In order to confirm if the morphology of zeolite was affected by very acidic pH values, SEM images (not shown) were taken for the starting NaY zeolite and for the samples obtained at pH 1 and pH 2. It was observed that the biosorption process performed at very acid pH values led to changes in the morphology of the zeolite, that became more irregular and rougher, and to the decrease of the particle size. Therefore, for very low pH values the presence of the zeolite did not improve the removal of total Cr. However, for the less acidic pH values (pH 3 and pH 4) the combined system performed a higher removal of total Cr than bacteria in suspension, which is an indication that the zeolite was able to capture the Cr 3þ ions at these pH values. In addition, the combined system also performed a faster depletion of Cr(VI), since it was required a shorter contact time in order to achieve the complete removal in comparison with bacteria in suspension. The reduction of Cr(VI) was enhanced by the presence of the zeolite since it allowed the removal of Cr(III) cations from the solution while these species were formed during the reduction process. Therefore, the concentration of Cr 3þ ions in the aqueous medium decreased, allowing the formation of new cations through the reduction of Cr(VI). The removal efficiencies of total Cr for both systems in study and the uptake of total Cr by A. viscosus supported on zeolite, for pH values between 1 and 4 are presented in Fig. 6a and b. For the lowest pH values, pH 1 and pH 2, the removal efficiency of the combined system bacteria/zeolite was lower than the one obtained with bacteria in suspension. As it was discussed above, the extremely acidic conditions of the medium affected negatively the ion exchange properties of the zeolite due to the damages provoked on its surface structure. In contrast, for pH 3 and pH 4, the combined system had higher removal efficiencies of total Cr than bacteria in suspension. The best removal efficiency (88.6%) and uptake of total Cr (13 mg Cr /g zeolite ) were achieved at pH 4, remaining in solution 11.4 mg L À1 of Cr(III) at the end of the experiment. It should be noted that the best uptake value obtained in this work is more than four times higher than that the one achieved in our previous work (Silva et al., 2008b ) that was only 3 mg Cr /g zeolite . This significant improvement is a result of the optimization of one of the most important experimental parameter in biosorption studies, the solution pH. In addition, a considerably higher concentration of biomass was used in this work compared to the one used in the previous work. The effect of the biomass concentration on chromium removal will be discussed further in Section 3.3. Bulk chemical analyses were performed at the zeolite samples obtained after the experiments at pH 3 and pH 4. The results confirmed a high content of chromium in the zeolite, 0.76% and 0.90%, for pH 3 and pH 4, respectively. Chemical analyses also showed that the molar Si/Al ratio of the samples increased with the decreasing of pH. For assays performed at pH 3 and pH 4, Si/Al ratios of 2.95 and 3.37 were obtained, respectively, with the parent NaY zeolite showing a ratio of 2.80. These results are an indication of a slight dealumination of the zeolite structure that was promoted by the acidic medium of the solution.
Effect of the biomass concentration
To investigate the effect of biomass concentration on the removal efficiency of Cr(VI), several assays were performed at pH 4, with an initial Cr(VI) concentration of 100 mg L À1 and biomass concentration in the range of 1e5 g L
À1
. These results are shown in Fig. 7 , for the experiments with bacteria in suspension and supported on NaY zeolite.
The results show that an increase of biomass concentration in the range of 1e5 g L À1 led to an improvement of the removal efficiency of Cr(VI). As it can be observed, the removal efficiency of Cr(VI) was higher when bacteria were used in suspension, instead of bacteria supported on zeolite, particularly for the lower biomass concentration values. The difference between the efficiency of the two systems in study became less significant as the biomass concentration increased. In fact, for the experiment at the maximum biomass concentration, 5 g L
, the complete removal of Cr(VI) for both systems was observed. When bacteria and zeolite were simultaneously present in solution, the reduction and the removal of chromium were probably affected by mass transfer limitations. As the biomass concentration increases, the transfer of chromium becomes more limited. In opposition, the increase of bacteria mass enhances considerably the reduction of Cr(VI), being this effect predominant over the mass transfer limitations as the concentration of biomass increases.
In terms of total Cr removal, it is possible to observe that the system consisting of bacteria supported on the zeolite presented higher removal efficiency for each biomass concentration in study. The presence of the zeolite allowed the retention of chromium by ion exchange that was previously reduced by the bacterium. Thus, the combined system performed the maximum removal of total chromium, 88.6%, for a biomass concentration of 5 g L
. As it was mentioned, the content of chromium determined by the chemical analysis in this sample was 0.90% (w/w). For the zeolite sample obtained with a biomass concentration of 2 g L
, the chemical analysis revealed a percentage of chromium of 0.62% (w/w).
In Table 1 the uptake values of total chromium are presented as a function of initial bacteria mass. These values were obtained for the experiments with biomass in suspension. A comparison of the uptake of total chromium achieved by different biosorbents is also given in Table 1 . In this work, the maximum uptake, 17 mg/g biomass , was attained at a biomass concentration of 2 g L
, and the lowest uptake value, 11.2 mg/g biomass , was achieved at 1 g L À1 of biomass concentration. The present study showed that A. viscosus demonstrated a good removal capacity for chromium as compared to the reports of other biosorbents.
Effect of initial chromium concentration
Several experiments were performed with different initial Cr(VI) concentrations, in order to study the effect of this parameter in the removal of chromium. These experiments were made with the combined system bacteria/zeolite at pH 4 and initial biomass concentration of 5 g L
À1
In Table 2 the removal efficiencies of total Cr and the amount of Cr in the zeolite, obtained for the different initial concentration of Cr(VI) in study, are presented.
These results indicate that the complete removal of total chromium was not achieved for any initial concentration in test. The highest removal percentage (98.4%) was attained for the lowest initial concentration, 10 mg L
, and the lowest removal efficiency (78.7%) for the concentration of 25 mg L
. As it was predictable, the content of chromium in the zeolite is enhanced with the increase of the initial Cr(VI) concentration.
Conclusions
In practical use of biosorption systems it is essential to identify the main parameters that have a significant effect on the process. The biosorption of Cr(VI) by A. viscosus in suspension or supported on NaY zeolite was affected by several parameters such as solution pH, biomass concentration and initial Cr(VI) concentration. The solution pH was the most important parameter that affected the biosorption performance. The removal of total Cr by the combined system bacteria/zeolite was favored by higher solution pH. The experiments performed with A. viscosus in suspension demonstrated good removal capacities of chromium compared with those reported in literature for other biosorbents. The use of the combined system bacteria/zeolite allowed an improvement of total Cr removal efficiencies for the higher pH values, in comparison with the experiments with bacteria in suspension. Therefore, this work demonstrated the ability of the combined biosorption system for an effective detoxification of contaminated Cr(VI) wastewater under optimized and controlled conditions. 
